Objective: To test the hypothesis that Alzheimer's disease and related neuropathologies contribute to the association between hospitalization and cognitive decline in old age. Methods: As part of a longitudinal clinical-pathologic cohort study, 526 older persons (mean age at death = 90.9 years, 71% female) without dementia at baseline completed annual cognitive testing and were autopsied at death. Hospitalization information was obtained from linked Medicare claims records. Neuropathologic examination assessed β-amyloid burden, tau tangle density, neocortical Lewy bodies, hippocampal sclerosis, chronic gross and microscopic cerebral infarcts, and transactive response DNA binding protein 43 kDa. Results: Over a mean of 5.1 years, a total of 1,383 hospitalizations occurred, and the mean annual rate of hospitalization was 0.5 (standard deviation = 0.6, median = 0.4). Higher rate of hospitalization was not directly related to higher burden for any of the neuropathologic markers. Higher rate of hospitalization was associated with more rapid cognitive decline (estimate = −0.042, standard error [SE] = 0.012, p < 0.001), and after controlling for all 7 neuropathologic markers, the association was essentially the same (estimate = −0.040, SE = 0.013, p = 0.002). In a multivariable model with 3-way interactions of neuropathologic markers with hospitalization rate and time, the association between hospitalization rate and faster cognitive decline was greater in persons with more tangle pathology (estimate for interaction = −0.007, SE = 0.002, p = 0.002) and in persons with neocortical Lewy bodies (estimate for interaction = −0.117, SE = 0.042, p = 0.005). Interpretation: Older persons with more hospitalizations experienced faster rates of cognitive decline, and this association was more pronounced in persons with more tau tangle density and with neocortical Lewy body pathologies.
H ospitalization of older persons is associated with subsequent increases in rate of cognitive decline [1] [2] [3] [4] [5] and risk of dementia. 6 The association increases with advancing age, 7, 8 but its basis is uncertain. In particular, it is not clear whether neuropathologic processes linked to late life cognitive decline and dementia are somehow contributing to the association between hospitalization and cognitive dysfunction. One possibility is that hospitalization in old age is directly related to level of neuropathology as either a cause or consequence, which could explain why cognitive impairment and decline are associated with higher subsequent rate of hospitalization. 9 Alternatively, if hospitalization were not directly related to neuropathology, then level of neuropathologic burden might modify the association of hospitalization with cognitive decline, as hypothesized for delirium. 10, 11 Finally, the association of hospitalization with late-life cognitive dysfunction might be completely independent of common neuropathologies.
In the present study, we test the hypothesis that common neurodegenerative and cerebrovascular lesions contribute to the association of hospitalization with cognitive decline in old age. Participants are from a longitudinal clinicalpathologic cohort study, 12 with annual evaluations including detailed cognitive testing linked to data on hospitalization from Medicare records. After death, participants underwent a uniform neuropathologic examination to quantify pathologic markers linked to cognitive impairment and dementia. We tested 3 hypotheses: (1) whether hospitalizations were related to greater burden of dementia-related neuropathologies, (2) whether hospitalizations were related to greater cognitive decline independent of neuropathological markers, or (3) whether neuropathologic markers modified the relationship of hospitalizations with cognitive decline.
Patients and Methods

Participants
Analyses are based on participants in the Rush memory and aging project (MAP), an ongoing longitudinal clinical-pathologic cohort study that began in 1997. 12 Eligibility required agreement to annual clinical evaluations and brain autopsy at death. Individuals were recruited from retirement communities, social service agencies, subsidized housing facilities, and churches. After a presentation about the project, interested persons had detailed discussions with staff who obtained written informed consent. The study was approved by the institutional review board of Rush University Medical Center.
At the time that data were requested from the Centers on Medicare and Medicaid Services (CMS) in 2012, 1,593 participants had enrolled, and Medicare records were obtained for 1,389 (87%) of them. As described previously, 5 we excluded persons who did not have valid overlapping Medicare and Memory and Aging Project data, who had dementia at first year of Medicare records, and who did not have at least 2 cognitive assessments, leaving 930 persons available for these analyses. Of these 930 persons, 625 died by the time of these analyses, and 526 (84%) were autopsied and had complete neuropathological data available; pathologic analyses are based on this group. Compared to the 404 participants who were not included in the pathologic analyses, they were more likely to be male (29% vs 21%, χ 2 = 7.43, p = 0.006), were older (82.9 vs 78.1 at baseline, t = −11.49, p < 0.001) and had lower Mini-Mental State Examination (MMSE; 27.9 vs 28.4, t = 3.79, p < 0.001) and global cognition scores (0.00 vs 0.14, t = 4.12, p < 0.001); there was no significant difference by education (t = 0.29, p = 0.77).
Assessment of Cognitive Function and Clinical Diagnosis
A battery of 21 cognitive performance tests was administered in person annually, as the MMSE is used only for descriptive purposes, and scores from the Complex Ideational Material test were highly skewed, the remaining 19 tests were used to create a composite measure of cognition. It included 7 tests of episodic memory, 3 tests of semantic memory, 3 tests of working memory, 4 tests of perceptual speed, and 2 tests of visuospatial ability. A composite measure of global cognition based on all 19 tests was used as the outcome of this analysis. Raw test scores were converted to z scores, using the baseline mean and standard deviation (SD) for the entire cohort. The z scores of individual tests were averaged to yield the composite score as previously described. 13 Clinical diagnosis of dementia was conducted at each annual evaluation following the criteria of the joint working group of the National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association. 14 
Assessment of Hospitalization
Data on hospitalizations came from Medicare claims records for the years 1999 to 2010 obtained from CMS through the Research Data Assistance Center research identifiable files request system (https://www.resdac.org/research-identifiablefiles-rif-requests). Information on years of eligible Medicare Part A coverage, which covers inpatient care, was included in the Master Beneficiary Summary File, whereas hospitalization data came from the Medicare provider analysis and review (MedPAR) file, which concatenates all claims filed for a hospitalization into a single record. Length of hospital stay in days was available in the MedPAR file. The Charlson Comorbidity Index, a measure of severity of illness during hospitalization based on number and seriousness of diseases, 15 was created from International Classification of Diseases, Ninth Revision (ICD-9) codes in the MedPAR file. Because participants had different lengths of Medicare coverage, burden of hospitalization was characterized as annual rate of hospitalization, calculated as the total number of hospitalization divided by years of follow-up. Hospitalization rate was truncated at 3 for 4 individuals with extreme values.
Neuropathologic Examination
Neuropathologic markers were derived from postmortem autopsy and characterized in the fashion most strongly related to cognitive decline in this cohort. [16] [17] [18] The brain was removed a median of 6.9 hours after death (interquartile range = 5.7-8.9). One cerebral hemisphere, 1 cerebellar hemisphere, and the brainstem were fixed in 4% paraformaldehyde for at least 3 days. The brain was cut coronally into 1cm slabs, and all slabs were examined for gross infarcts. A standard protocol was followed for tissue preservation, tissue sectioning, and quantification of pathologic data by examiners blinded to all clinical data. 19 We used hematoxylin and eosin to identify microinfarcts (ie, visible on microscopic but not gross inspection) in at least 9 regions in 1 hemisphere. 20 In analyses, chronic gross and microscopic infarcts were each treated as present or absent.
β-amyloid-immunoreactive plaques were assessed in 8 limbic and neocortical regions (entorhinal cortex, CA1/subiculum, anterior cingulate cortex, dorsolateral prefrontal cortex, superior frontal cortex, inferior temporal cortex, inferior parietal cortex, and primary visual cortex) using a monoclonal antibody (4G8; Covance Labs, Madison, WI; 1:9000 or 6F/3D; Dako North America, Carpinteria, CA; 1:50 or 10D5; Elan Pharmaceuticals, San Francisco, CA; 1:600) with diaminobenzidine as the reporter with 2.5% nickel sulphate to enhance contrast. The percent of each area occupied by β-amyloid-immunoreactive pixels was estimated with computer-assisted sampling and image analysis. Regional measures were averaged to form a composite measure of β-amyloid burden. 21 An anti-paired helical filaments-tau antibody clone AT8 (ThermoScientific, Rockford, IL; 1:2,000) and computer-assisted sampling 21 were used to assess density of tau-immunoreactive neurofibrillary tangles from the same 8 regions assessed for amyloid. Raw scores in each section and region were averaged to yield a composite measure of tangle density/millimeter squared. 21 Lewy bodies in the substantia nigra, 2 limbic sites (entorhinal cortex, anterior cingulate cortex), and 3 neocortical sites (midfrontal cortex, superior or middle temporal cortex, inferior parietal cortex) were identified with a monoclonal antibody to α-synuclein (LB509; Zymed Laboratories, San Francisco, CA; 1:100; or phosphorylated anti-α-synuclein antibody; Wako Chemicals USA, Richmond, VA; 1:20,000). We classified Lewy body disease as nigral, limbic, or neocortical using a modified version 22 of the staging criteria of McKeith et al. 23 Neocortical disease required Lewy bodies in frontal, temporal, or parietal cortex and was accompanied by nigral and/or limbic Lewy bodies. A dichotomous variable indicating presence of neocortical Lewy bodies was used in this analysis, as it has been shown to be most predictive of dementia. 24 Hippocampal sclerosis was evaluated unilaterally in a coronal section of midhippocampus at the level of the lateral geniculate body. It was graded as present or absent based on severe neuronal loss and gliosis typically in the CA1 sector and/or subiculum with or without other hippocampal subfields affected. 25, 26 Transactive response DNA binding protein 43 kDa (TDP-43) pathology was assessed in 8 brain regions (amygdala, entorhinal cortex, hippocampus CA1 and subiculum, dentate gyrus, anterior temporal pole, interior frontal, middle temporal cortex, and midfrontal cortex), an expansion beyond the 6 described in previous publications 25, 27 using monoclonal antibodies (pS409/410;1:100), which stain pathologically phosphorylated TDP-43 proteins but not normal nuclear TDP-43. 28 A dichotomous variable indicating TDP-43 positivity beyond the amygdala was used in this analysis.
Statistical Analysis First, we tested whether neuropathologic markers were directly related to hospitalization rate using linear regression models for continuous neuropathologic markers and logistic regression for binary neuropathologic markers. Separate models were fit with each neuropathological marker as the outcome, adjusted for age at death, sex, and education.
We then analyzed whether change in cognitive function was associated with annual rate of hospitalization using mixed-effects regression models adjusted for age at baseline, sex, and education. All models included terms for time (since baseline), hospitalization rate, and the interaction of hospitalization rate with time; the interaction represented the association between rate of hospitalization and change in cognitive function. Follow-up time for this analysis was defined as the minimum interval between (1) first available year of Medicare records or MAP baseline and (2) last available year of Medicare records or most recent MAP assessment.
To this initial model, we added a term for each of the neuropathologic markers to examine if the relationship between hospitalization rate and cognitive change was attenuated by adjusting for neuropathology. Finally, we added a term for the 2-way interactions of each neuropathologic marker with time, the 2-way interactions of each neuropathologic marker with hospitalization rate, and the 3-way interactions of each neuropathologic marker with hospitalization and time. The 3-way interaction tested whether the relationship of hospitalization rate and cognitive change was modified by presence/level of a particular neuropathologic marker. As a secondary analysis, we repeated this final model after removing any participants who developed dementia at any cognitive assessment before the first hospitalization. We also repeated the analysis using only the rate of hospitalization before dementia in persons who developed dementia. Finally, to assure the results were not driven by hospitalizations for 846 Volume 86, No. 6 neurovascular events, we repeated the analyses after removing all persons who experienced a hospitalization with primary diagnosis of stroke. For all analyses involving skewed continuous variables, the influence of high leverage values was checked and alternate transformations were tested. All analyses were conducted using SAS version 9.4 (SAS Institute, Cary, NC).
Results
During a mean of 5.1 (SD = 2.6) years of observation, a total of 1,383 hospitalizations occurred during the study period for the 526 participants who received postmortem autopsy, ranging from 0 (23.1%) to 17 hospitalizations (median = 2, interquartile range = 1-5). To quantify individual differences in exposure to multiple hospitalizations accounting to differences in length of observation time, we also calculated each person's annual rate of hospitalization. To suppress the influence of potential outliers, the annual rate of hospitalization was truncated at 3 for these analyses (4 participants had rate >3, ranging from 3.7 to 7.7). After truncation, the mean rate was 0.53 hospitalizations per year (SD = 0.59, skewness = 1.8, median = 0.36). Basic descriptive statistics of the cohort and hospitalization characteristics are provided in Table 1 .
Hospitalization and Neuropathologic Burden
Distributions of the neuropathological markers are listed in Table 1 . We tested whether each neuropathologic marker was related to hospitalization rate in a series of models adjusted for age at death, sex, and education ( Table 2 ). There was no evidence of a relationship between any of the neuropathologic markers and hospitalizations except for an inverse association between tau density and hospitalization rate. Model checking indicated this was driven by high leverage individuals in the highest decile of tangle density with few hospitalizations. When the model was repeated with the highest decile of tangles removed or with decile rank as the dependent variable, there was no significant association with hospitalizations. Hospitalization rate was not related to a higher burden of any neuropathology.
Hospitalization, Neuropathologic Burden, and Cognitive Decline
A higher annual rate of hospitalization was associated with more rapid cognitive decline after adjusting for age, sex, education, and the interaction of age at baseline and time since baseline (Table 3 , Model A). When we repeated the analysis with terms to control for the neuropathologic markers, the association was essentially the same (see Table 3 , Model B).
To determine whether neuropathologic markers modified the association of hospitalization with cognitive decline, we included terms for the 3-way interactions of hospitalization rate, time since baseline, and each neuropathologic marker. As shown in Table 4 , tau tangle density modified the relationship of hospitalization and cognitive decline such that the rate of decline was steeper in persons who had more tangle pathology. This is displayed in Figure 1 , in which the rate of decline for persons with the mean rate of 0.5 hospitalizations per year versus persons with no hospitalizations are displayed for the 75th percentile versus 25th percentile of tau tangle density. Persons with 0.5 hospitalizations per year in the 75th percentile of tau tangle density had the steepest rate of cognitive decline. Inferences were similar in sensitivity analyses repeating the models with decile rank of tau tangle density replacing the continuous measure. The presence of neocortical Lewy bodies also modified the relationship of hospitalization and cognitive decline such that the rate of decline was steeper in persons who had neocortical Lewy bodies (Fig 2) . We conducted secondary analyses to determine if persons who developed dementia were driving these findings. First, we repeated the final interaction model after removing any participants who developed dementia prior to any hospitalization (n = 24), and the findings were similar. In the 208 persons who developed dementia at any point over follow-up, the rate of hospitalization was higher before incident dementia (mean = 0.57, SD = 0.74) than after (mean = 0.24, SD = 0.50; t = 5.83, p < 0.001), and slightly higher than the rate in those who never developed dementia (n = 318; mean = 0.54, SD = 0.75), though this difference was not significant (t = −0.52, p = 0.60). When we repeated the analyses using only hospitalization rate before the development of dementia in the persons who developed dementia, the inferences were the same for the 3-way interaction with tangles (estimate = −0.004, standard error [SE] = 0.002, p = 0.041) and Lewy bodies (estimate = −0.102, SE = 0.034, p = 0.002). Finally, when we repeated the analyses after removing all persons who were hospitalized for stroke (n = 71), the inferences were the same for the 3-way interaction with tangles (estimate = −0.010, SE = 0.003, p < 0.001) and Lewy bodies (estimate = −0.083, SE = 0.038, p = 0.030).
Discussion
In a cohort of >500 older persons who had come to autopsy with Medicare records linked to annual cognitive assessment over a mean of 5 years, a higher rate of hospitalization was associated with more rapid cognitive decline. Although greater burden of neuropathology was not related to more hospitalizations, certain neuropathologies appeared to modify the relationship, such that persons with more tau tangle pathology and persons with neocortical Lewy bodies had steeper rates of decline as hospitalization rates increased. This is the first study that we are aware of to provide evidence compatible with the claim that older adults with greater burden of Alzheimer's disease and other dementia-related pathologies may experience worse cognitive outcomes after hospitalization.
The association of hospitalization with faster cognitive decline is consistent with previous research, 1-4,6 although 1 study indicated that most decline occurs before hospitalization. 29 The basis of the association is uncertain. A novel feature of the present study is that these participants died and had a uniform neuropathologic examination, allowing us to test the hypothesis that common neurodegenerative and cerebrovascular lesions play a role in hospitalization-related cognitive decline. We found no evidence that higher rate of hospitalization was directly related to greater neuropathologic burden. We also found no evidence that degree of neuropathology accounted for the relationship of hospitalization rate and cognitive decline, as the association did not change after adjustment for neuropathology. We did, however, find evidence that certain pathologies modify the relationship of hospitalization rate and cognitive decline. One way to interpret this interaction is that persons with higher tau tangle density or Lewy bodies experience faster rates of cognitive decline compared to persons without these pathologies given the same rate of hospitalization. Another interpretation is that given the same level of tau or Lewy body pathology, persons who are hospitalized more will experience faster cognitive decline. Therefore, hospitalizations may lower an older person's resilience to negative cognitive consequences for a given level of underlying pathology. 30 It has been postulated that the events surrounding hospitalization may "unmask" preclinical Alzheimer's disease, 31, 32 and these findings provide support to that notion, though more research is needed, especially with incident dementia outcomes.
The specific mechanisms that underlie this interaction are unknown at this time. From these data, it seems most likely that hospitalization is making existing neuropathologies have a more pronounced effect on the brain rather than having a direct relationship with neuropathology. However, hospitalization did not interact with all neuropathologies; therefore, it does not appear that hospitalization simply acts as another "hit" to the brain, but may work to potentiate the effects of Alzheimer's disease, and perhaps Lewy bodies. Exploring this interaction could provide insights into the mechanisms of Alzheimer's disease, as well as shed light on how hospitalization leads to negative cognitive outcomes in older adults. Specific mechanisms for the association between hospitalization and cognitive impairment in old age have been posited, including the use of surgery and anesthesia, stressors of the hospital experience, delirium, exposure to sedatives and mechanical ventilation, polypharmacy, and sleep fragmentation. Examining these potential mechanisms in the context of underlying neuropathology in patients through the use of neuroimaging and other burgeoning biomarkers 33 could help to reveal specific etiologies, and eventually lead to opportunities for personalized medicine by identifying persons at highest risk for hospital-related cognitive problems due to their biomarker profile.
We are not aware of any published data that directly address the intersecting roles of hospitalization, neuropathologies, and cognition in late-life cognitive decline. One study indirectly examined this association using delirium, a common acute consequence of hospitalization in older patients, with cognitive decline. 11 Similar to our findings, the study reported an interaction such that persons with a combination of delirium and higher neuropathological 850 Volume 86, No. 6 burden displayed the greatest rate of cognitive decline. This raises the possibility that the relationship between neuropathology and dementia is modified by delirium. 10 We were not able to explore this mechanism, because only 5% of the cohort had ICD-9 codes indicating delirium, reflecting underreporting of delirium in claims records. 34 Another study examined the association of hospitalization with long-term cognitive decline and brain magnetic resonance imaging (MRI) changes; they found hospitalization was associated with higher odds of increasing ventricular size, and there was modest evidence of mediation of the association of hospitalization and cognitive decline when ventricular change was added to the model (there was little evidence of mediation by white matter hyperintensities). 2 Finally, a recent MRI study demonstrated a relationship between more frequent hospitalizations and smaller brain volumes and lower white matter integrity. 33 Taken together, these studies provide compelling evidence that hospital-related events intersect with brain pathology to promote cognitive decline, providing a potential avenue for dementia prevention in the absence of interventions to directly target neuropathology. 30, 35 This could potentially fit more broadly into the cognitive reserve theory, with hospitalization acting to lower reserve capacity to deal with existing pathology, though other mechanisms could be at play, and more research is needed to explore this claim. This study has important strengths and limitations. Rates of participation in clinical follow-up and brain autopsy were high, reducing likelihood of bias due to selective attrition. Hospital admission was assessed using Medicare claims rather than participant reports, leading to more accurate assessment of hospitalization burden. Cognitive function was assessed with a previously established psychometrically sound index, minimizing floor and ceiling artifacts and other sources of measurement error. Cognitive testing took place at annual intervals for a mean of about 5 years, enhancing ability to model trajectories of change. A series of secondary analyses indicated that the main association of interest was not due to reverse causation (ie, the development of dementia leading to more hospitalizations). The main limitation is that participants were selected, and so results may not generalize to other groups, though it should be noted that findings are consistent with previous population-based studies. 1, 6 Additionally, this analysis is predicated on the assumption that postmortem neuropathologic burden reflects the level of burden in years prior to death. This assumption is supported by evidence that Alzheimer's disease neuropathologic burden progresses slowly over decades, 36 and that in vivo measures are highly correlated with postmortem Alzheimer neuropathology irrespective of time to death, 37 but these findings must be confirmed in future work when in vivo biomarkers for all neuropathologies are available. Delirium was not able to be evaluated, and no measures of direct insults to the brain at the time of hospitalization, such as inflammation, stress response, or hypoxia, were available. Annual cognitive testing did not allow for assessment of acute onset of impairment immediately after hospitalization. Though related to change in cognitive function, hospitalization rate was not significantly higher in persons who developed clinical dementia; the relationship of hospitalization with incident dementia needs to be tested formally in future analyses with more data, taking into account competing risk of mortality for rapid decliners. Medicare claims data cannot be used to observe hospitalizations at Veterans Affairs (VA) facilities; however, only 2 participants in our cohort indicated that they utilize VA hospitals (inferences were unchanged when they were removed from analyses). Finally, although our laboratory has standard protocols to establish reliability across changes in methods and raters, some variation in pathological assessment methods over time may be unavoidable. Certain pathologies, such as amyloid and τ, may be measured with more precision than others in this analysis. More research is needed to understand the intersecting roles of hospitalization and Alzheimer's disease and related pathologies in the development of cognitive impairment. Future work will also include incident dementia outcomes and the incorporation of biomarkers.
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